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Abstract 
NDT on-line monitoring methodology was applied at the servo-hydraulic machine to monitor the propagation behavior of 
ultrasonic waves during LCF-tests. Coupling-free excitation and receiving of the waves by use of EMAT were applied. A high 
potential to early characterize fatigue before the end-of-life was documented. So far at ambient temperature a phase 
transformation to Į’-martensite is observed micro-magnetic NDT is also appropriate. 
Destructive SE(B) Single Edge Bending Tests were online monitored to study NDT methodology to in-situ and on-line determine 
crack initiation and growth during the experiment. Time of flight of an EMAT-excited ultrasonic surface wave which travels 
around the crack shows a linear correlation to crack growth and by a Giant Magneto-Resistor-Line-Array the magnetic leakage 
flux of the crack is observed. 
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1. Introduction 
In German NPP the main cooling pipe in the primary circuit of the PWR is made from martensitic/bainitic 
steel which is cladded by austenitic stainless steel at the inner side. However, some important pipes in the primary 
circuit are fully manufactured from austenitic stainless steel (German Grade 1.4541 - Ti-stabilized and 1.4550 - Nb-
stabilized). These are, for instance, the surge line and spray lines of the pressurizer vessel. Especially during the 
start-up and shut down processes or to control the pressure these pipes are exposed to thermo-mechanically-induced 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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acoustic microscopy (SAM) as well as magnetic and electromagnetic methods, and X-ray diffraction. Table 1 and 
table 2 show the chemical compositions. 
 
Table 1: Material X6 CrNiTi1810 (German material No. 1.4541), 2 heats (in mass %) 
 
elements C N Si Mn P S Cr Mo Ni Ti 
heat F 
producer specification 
0,04 - 0,44 1,14 0,033 0,004 17,74 - 9,3 0,35 
heat F 
WWK [1] 
0,05 0,002 0,4 1,09 0,024 0,005 17,81 0,27 9,3 0,3 
heat K 
producer specification 
0,025  0,44 1,76 0,026 0,02 17,15  9,83 0,16 
heat K 
WWK [1] 
0,03 0,006 0,45 1,72 0,022 0,014 17,31 0,28 10,18 0,16 
 
 
Table 2: X6 CrNiNb 1810 (German material No. 1.4550), (in mass %) [3] 
 
The Nb-stabilized material obviously has a higher Nb and Ni content compared with the Ti and Ni content 
of the 1.4541 material. That was primarily introduced into the specification in order to reduce the sensitivity for 
sensitization during heat treatments, i.e. to reduce the risk for inter-granular stress corrosion cracking. A secondary 
effect is that the material is only prone to show a phase transformation to Į’ martensite when fatigued at ambient 
temperature (AT). 
Sufficient amounts of mechanical energy due to plastic deformation lead to this phase transformation from 
fcc austenite without diffusion to tetragonal or bcc ferromagnetic α‘-martensite. As the martensitic volume fractions 
in the case of 1.4541 are especially low for service-temperatures of about 300°C [1, 2] highly sensitive measuring 
systems are necessary. Besides systems on the basis of a HTC-SQUID (High Temperature Super Conducting 
Quantum Interference Device) special emphasis was on the use of GMR-sensors (giant magneto-resistors) which 
have the strong advantage to be sensitive for dc-magnetic fields too without any need for cooling [4]. In 
combination with an eddy-current transmitting coil as joke transducer and a universal eddy-current equipment as a 
receiver hardware the GMR-sensors were used especially to on-line monitoring the fatigue experiments in the servo-
hydraulic fatigue machine. 
Figure 2 shows the sensor principle of a GMR [2, 4, 5]. An electrically conducting material, i.e. a Cu layer 
(A) of some nm thickness is embedded into a sandwich structure of two ferromagnetic layers (for instance a B-Fe- 
or Ni-alloy like Permalloy) of nm thickness (B). Because of the nm thickness of the layers the magnetic domains in 
the two ferromagnetic layers interact such that in the magnetic-field-free state (energetic low state) the magnetic 
moments in the domains are anti-parallel oriented. If an electric current is sent through the Cu-layer the conducting 
electrons will be scattered at the closure domains of the interfaces. The scattering at the interface with anti-parallel 
magnetic moment direction to the moving direction of the electrons is much higher than at the other interface. 
Therefore the electric resistance is higher. When magnetizing the structure the moments are more and more aligned 
and the resistance is decreasing; the overall dynamic is about 14% resistance change. 
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Figure
As GMR today are mass products, read heads i
available as integrated circuits. 
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Figure 5: Multiple-step loading at RT 
 
In other words, the impedance curve is
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Figure 7: EMAT excitation of radially polar
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the clamping and a continuous heat flow from
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Figure 10: Cyclic deformation curves, dev
detection of the Į’ martensite by use of th
The cyclic deformation behavior is st
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(Figure 11). 
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Figure 11:Temperature dependence of the cyclic
resistance in case of a total strain İat = 1% 
 
Whereas the stress increases permanen
after a rapid increase during the first cycles (str
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the crack opening displacement (COD) by using
 
Figure13:SB(B) sample geometry and sketch fo
wave 
After the experiment, the sample is broken apart
using this information, the J integral is computed
Table 3 summarizes the specimens and test cond
 
Table 3: Test con
Experiment 
number 
Sample 
label 
Number of part
load-relief cycl
1 CM308 39 
2 CM318 37 
3 CM322 7 
4 CM319 7 
5 CM330 38 
6 CM327 8 
7 CM326 4 
8 CM331 4 
9 CM321 1 
10 CM328 1 
11 CM329 1 
12 CM325 1 
13 CM320 1 
14 CM317 1 
15 CM323 1 
 
 clip gauges. 
r crack-propagation measurement by surface-acoustic 
, the crack elongation is measured in the microscope, an
 in order to determine crack resistance i.e. toughness para
itions. 
ditions of the SB(B) bending tests 
ial 
es 
First partial 
load-relief cycle at 
Crack opening speed
[mm/min] 
T
ti
6000 N 0.1 ca
6000 N 0.1 ca
6000 N 0.1 ca
6000 N 0.1 ca
12000 N 0.1 ca
12000 N 0.1 ca
12000 N 0.1 ca
12000 N 0.1 ca
12000 N 0.1 ca
12000 N 0.15 ca
12000 N 0.15 ca
12000 N 0.3 ca
12000 N 0.3 ca
12000 N 0.3 ca
12000 N 0.3 ca
Rayleigh-
d only by 
meters. 
esting 
me [s] 
. 9300 
. 9300 
. 5500 
. 5500 
. 9300 
. 5500 
. 5000 
. 5000 
. 4500 
. 3400 
. 3400 
. 2000 
. 2000 
. 2000 
. 2000 
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As an approach to in-situ and on-line determine 
ultrasonic surface wave which travels around t
(transmitter T, receiver R) was used to excite and
 
Figure14: On-line monitoring result, tof in blue,
determined (microscopy evaluation after failure o
The crack growth was expected to incre
in an increased TOF. Throughout the approxim
load relief cycles, the machine data (load force
time-of-flight data; corresponding crack-growth
specimen surface. A linear correlation to the me
curve a typical turning point is detected indicatin
In addition to the time-of-flight meas
using a linear GMR-sensor-array (Figure 15) wi
Figure 15: GMR-sensor-array (32 ch
Crack opening and closing when the load is part
the crack growth during the experiment, the time of flig
he crack was analyzed by Fraunhofer-IZFP. A pair o
 to receive this Rayleigh wave in pitch-and-catch-techniq
 
 COD in green. The crack growth in red dots is not on
f the specimen; on the right tof versus crack growth 
ase the travelling distance of the Rayleigh wave which sh
ately 2½ hours of each three-point-bending experiment 
, crack-opening-displacement (COD)) were recorded alo
 data were determined in the microscope after the test on
asured time-of-flight data was obtained. In the online me
g crack-initiation (Figure14). 
urements magnetic flux leakage measurements were pe
th 32 channels. 
annels) and wireless (Bluetooth) data transmitting 
ially released is also registered by the GMR-array (Figure
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Figure 16: Magnetic flux leakage m
However, the oscillation amplitudes in
at the crack tip forms the stretch zone followed 
4. Conclusions 
It was shown that electromagnetic pro
Į’ martensite developing in the geomagnetic
stainless steels are sensitive to characterize the 
At service temperatures in the 300°C regime t
EMAT is a proper tool for fatigue characteriz
than the developing stress when strain-controlle
The SB(B) bending test can be monitored by m
magnetic flux leakage of the crack opening an
crack initiate can only be determined after the s
online detected. The testing time can be tremen
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